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CALIBRATION O F  THE LANGLEY 16-FOOT TRANSONIC TUNNEL 
WITH TEST SECTION AIR REMOVAL 
By Blake W. Corson, J r . ,  Jack F. Runckel, 
and William B. Igoe 
Langley Research Center 
SUMMARY 
The Langley 16-foot transonic tunnel with test  section a i r  removal (plenum suction) 
has  been calibrated to a Mach number of 1.3. The results  of the calibration, including the 
effects of slot shape modifications, tes t  section wall divergence, and water vapor conden- 
sation, a r e  presented. A complete description of the wind tunnel and i t s  auxiliary equip- 
ment is included. 
The relatively wide slot ,  which was near optimlim without t e s t  section a i r  removal, 
did not yield uniform distributions of stat ic pressure  in  the test  section a t  the higher Mach 
numbers obtained with test  section a i r  removal. After some experimentatic.1, this wide 
(13.5 percent open periphery) slot was subsequently replaced by a relatively narrow 
(3.9 percent open periphery) slot  which permitted the achievement of acceptably uniform 
flow a t  Mach numbers to 1.3. For  most  operating conditions, increased wall divergence 
angle caused a positive increment i n  the tes t  section stat ic-pressure gradient; this incre-  
ment permitted cancellation of the negative stat ic-pressure gradient caused hy water 
vapor condensation effects due to operation with moist a i r  at  near maximum speeds. 
The wind-tunnel drive power required at  subsonic speeds was reduced by about 
10 percent with the narrow slot. At supersonic speeds,  operation of the tunnel with moist 
a i r  required 3 to 5 percent more  power than was required with relatively dry  air, and 
operation of thp tunnel with test  section a i r  removal required l e s s  power than would be 
required i f  a l l  the power were  expended through the main drive fans. 
INTRODUCTION 
The 16-foot transonic tunnel at  the Langley Research Center of the National Aero- 
nautics and Space Administration is a single-return atmospheric wind tunnel having a 
slotted transonic test  section with a Mach number range from 0.2 to 1.3. Because the 
configuration of the present wind tunnel i s  the result of severa l  major revisions, a brief  
resume of this development is presented. 
The original wind tunnel !., as designed and built in the expansion period of t h e  
National Advisory Committee for Aeronautics (NACA) prior to World War I1 and was put 
into operation in November 1941 a s  the Langley 16-foot high-speed tunnel. The original 
tunnel had a closed circular test section 4.88 m (16 ft) in diameter and was driven by two 
5.97-MW (8000 hp) electric motors mounted in the return passage. The drive motors 
were directly coupled to counterrotating fans operating in tandem at the extremities of 
the motor nacelle. The wind tunnel was cooled by a i r  exchange, the control room was 
operated at test section pressure, and the maximum test section Mach number was 0.71. 
The facility was designed and used primarily ic r  aircraft engine cooling and cowling tests 
and for investigation of the aerodynamic characteristics of full-scale propellers, a s  typi- 
fied by the work of references 1 and 2. No description and calibration report was pre- 
pared for the original wind tunnel. 
The need for increased air  speed capability led to major revision of the original 
tunnel, and this redesign and alteration proceeded for several years prior to 1950. Dur- 
ing this time the development of the slotted-wall transonic test section by the NACA was 
reduced to practice (refs. 3 and 4) and this type of test section was selected for the 
revised tunnel. The major revisions which were incorporated in the modification con- 
sisted of a 44.76-MW (60 000 hp) drive system, the installation of air filters in the air 
exchange system, acoustical treatments, a new control room, and an octagonal slotted 
transonic test section. The repowered facility, designated the "Langley 16-foot transonic 
tunnel," was placed in operation on December 6, 1950. (See ref. 5 for description of the 
wind tunnel and i ts  calibration to a Mach number of 1.10.) Work planned for the repow- 
ered tunnel pertained to the extension of propeller aerodynamic data to supersonic speeds 
(ref. 6) and to extensive study of jet effects on aircraft performance For the jet-exit 
research, a special hydrogen peroxide monopropellant system, described in reference 7, 
was developed. 
After the repowering of the tunnel in 1950, several factors combined to indicate the 
need for a further increase in maximum speed. In tests of models of moderate size in  
the Mach number range from 1.03 to 1.10, flow disturbances generated at the nose of a 
model and reflected from the test section walls back to the model afterbody frequently 
resulted in force m ~ s u r e n l e n t s ,  especially drag, which were not representative of free- 
flight conditions. The uncertainty involved in the application of aerodynamic theory in 
the transonic speed range made desirable the attainment of a low but clearly supersonic 
speed from which there might be a tie-in with data obtained at higher speeds in super- 
sonic wind tunnels. Also, the rapid development of aircraft and missiles having super- 
sonic speed capability and the necessity for these and reentry vehicles and spacecraft to 
negotiate the transonic speed regime emphasized the importance of experimental aerody- 
namic research at transonic speeds. Design studies, based on work of which reference 8 
is typical, indicated that the application of test  section air removal was the most economi- 
cal method for extending the test  section a i r  speed to a low supersonic value. 
The most recent repowering of the Langley 16-foot transonic tunnel, which is the 
subject of this paper, required primarily the provision of a 26.86-MW (36 000 hp) com- 
pressor  capable of removing about 4.5 percent of the tunnel mass  flow by way of the tes t  
section wall slots and surrounding plenum, the removed u r  being exhausted to the atmo- 
sphere. The wind tunnel with this tes t  section air removal system was placed in opera- 
tion on March 9, 1961. The maximum test  section Mach number is slightly greater  than 
1.30. 
This report  presents a description of the Langley 16-foot transonic tunnel and i t s  
auxiliary equipment, a description of the calibration procedures, and the resul ts  of the 
initial wind-tunnel calibration with test  section a i r  removal. Inasmuch a s  the attainment 
of a satisfactory axial distribution of Mach number within the test  section required the 
investigation of 11 additional slot  configurations, the resul ts  of these studies a r e  also 
included. 
SYMBOLS 
Values a r e  given in  both the Internatjonal System of Units (3) and U.S. Customary 
Units. The measurements and calculations were made in  the U.S. Customary Units. 
A cross-sectional a r e a  
A~ cross-sectional a r e a  of surge control valve pipe 
Av a r e a  of sonic surface between valve disk and pipe wall of surge control valve 
A107 test  section cross-sectional a r e a  a t  station 107, 18.502 m2 (199.15 ft2) 
a snrge control valve inlet loss ,  fraction of total pressure ,  ~ p ~ / p ~  
b function of surge control valve position, (1 - cos 0) 
c a function of the ratio of motor operating speed to synchronous speed (see 
fig. 7 of ref. 9) 
H equivalent pressura  altitude 
M Mach number 
Mach number gradient 
mass  flow at  wind-tunnel throat 
mass  flow through a i r  removal compressm,  ms + m, 
secondary mass  flow (mass  flow scavenged from plenum surrounding t e s t  
section) 
mass  flow through su rge  control valve (bypass a i r )  
compress3r  rotational speed 
power 
stat ic p ressure  
atmospheric p ressure  
standard atmospheric pressure ,  10.13 ~ / c m 2  (2116 lb/ft2) 
stagnation pressure  
tunnel wall s tat ic p ressure  a t  station 107 (throat) 
dynamic p ressure  
gas  constant; for  a i r ,  287 ( m / s e ~ ) ~ / ~  (1716 ( f t / sec )2 /0~)  
fraction of radial  distance f r o m  tunnel center  line to  slot  center line 
stagnation temperature 
average stagnation temperature a t  given Mach number on o r  near tunnel 
center line 
axial distance 
ratio of specific heats, 1.4 for a i r  
6 test  section wall divergence angle with respect  to tunnel center line 
8 surge  control valve disk angle (valve closed a t  8 = oO; valve full open a t  
8 = 90 ') 
P relative mass  flow through surge  control valve, inv/hv,m, 
7 plenum v a l v  setting, percent open 
Subscripts: 
e compressor exit 
c o r r  corrected 





WIND TUNNEL AND EQUIPMENT 
Wind Tunnel 
Arrangement.- The Langley 16-foot transonic tunnel is a single-return atmospheric 
wind tunnel having a slotted transonic t e s t  section. An exterior view of the facility is 
shown i n  figure 1, a phantom view (without air removal equipment) in figure 2, and a 
schematic diagram in figure 3. S t a r t i q  a t  station 0 (fig. 3))  the major components a r e  
the quiescent chamber, entrance cone, t e s t  section, diffuser, power section, re turn  pas- 
sage,  and air exchange section. There  a r e  four se t s  of turning vanes located a t  the 
respective 900 elbows in the tube and two antiturbulence sc reens ,  one in  the air exchange 
section ar.d another in the quiescent chamber. The length of the tunnel circuit  along the 
center line is 283.46 m (930 ft), the maximum inside diameter of the large  end of the tun- 
nel is 17.68 m (58.0 ft),  and the tes t  section is a regular octagonal cylinder having a 
cross-sectional a r e a  slightly l e s s  than that of a 4.88-m-diameter (16 ft) circle.  The t e s t  
section air  removal equipment i s  located outside the tunnel between the diffuser and the 
return passage. The a x i a ~  locations and dimemions of the major components of the wind 
tunnel a re  given in table I. 
Quescent chamber and entrance cone.- The dimensions of these components provide 
a contraction ratio of 13.31 between the large end of the wind tunnel and the test section. 
At test section Mach numbers above 1.0, the average air  speed in the quiescent chamber 
is 16.46 m/sec (54 ft/sec). This low velocity region downstream of the antiturbulence 
screen permits further decay of residual turbulence prior to acceleration of the airstream 
through the entrance cone and into the test section. The .?ntrdnce cone incorporates a 
transition from circular to octagonal cross sections and includes a slowly converging 
accurately finished entrance liner which terminates at the upstream end of the test section. 
Test secticn.- The test section i s  an octagonal cylinder vented to a surrounding 
plenum through slots at the corners of the octagon. This component is described in 
detail in a subsequent section of this report. 
Diffuser.- The overall diffuser extends from the downstream end of the test section 
to the power section. Because the diffuser entrance, which begins at station 42.06 m 
(138 ft), includes the diffuser entrance vanes., the cross section of the tunnel in this region 
has 16 sides and is of variable geometry. Downstream of station 46.94 m (154 ft), the 
diffuser geometry i s  fixed except for expansion joints. The function of the diffuser i s  to 
decelerate the airstream after i ts  passage through the test section and thereby to convert 
a s  much a s  possible of i t s  kinetic energy into pressure energy. 
Power section and drive fans.- The wind-tunnel tube at the drlve end has a constant 
&an-eter of 10.36 m (34 ft) ,  and the power section includes two 90° elbows which incorpo- 
rate, respectively, the f i r s t  and second sets of turning vanes. The arrangement of the 
major components of the tunnel drive end is indicated in figures 2 and 3. The two inain 
drive motors, housed outside the tunnel, a r e  each connected directly to one of the drive 
fans through a shaft about 18.29 m (60 ft) long. The enclosure which houses the fan hubs, 
jack shafts, and bearing pedestals for both units has a streamlined shape with a maximum 
diameter of 6.10 m (20 ft) in the vicinity of the fan stations. The leading edge of this 
enclosure at station 107.90 IG (354 ft) is just downstream of the first set  of turning vanes. 
Downstream of the fans, however, the requirement of a gradual tapering of the afterbody 
resulted in an enclosure length extending downstream of the second set  of turning vanes. 
The enclosure afterbody has a 90° elbow at the turning vanes to maintain i ts  alinement 
with the airstream and terminates at station 152.49 m (500.3 ft). The drive shafts a r e  
enclosed in a streamlined fairing between the tunnel wall and the enclosure, and quick 
access to the shafts and hubs is provided by rail  cart  (prone) through these fairifigs. 
The two mzin drive electric motors Ere of the wound rotor type and each is rated 
for continuous operation at 17.16 MW (23 000 hp) at a rotational speed of 340 rpm, for 
2 h r  of operation a t  22.38 MW (30 000 hp) a t  366 rpm,  and for 1/2 hr  of operation a t  
25.36 MW (34 000 hp) at  372 rprn. The rotational speed of the motors is controlled by a 
modified Kramer system which permits essentially continums variation of speed from 
60 rpm to 372 rpm. 
The drive fans constitute a two-stage axial-flow compressor having two s e t s  of 
counterrotating blades with no stator blades. A photograph of the drive fans and of the 
tunnel interior in this region is shown a s  figure 4. The fans a r e  10.36 m (34.0 ft) in  
diameter l e s s  5.1 mm (0.2 in.) radial  clearance between blade tip and tunnel wall. The 
fan blades a r e  made of laminated spruce. The upstream fan has 25 blades and the down- 
s t r eam unit has 26 blades. The blades have Clark Y a r f o i l  sections and the average 
solidity of each fan i s  about 0.8. The adiabatic efficiency of the ian system is 96 percent. 
The aerodynamic design is based on the procedures outlined in reference 10, with blade 
interference corrections obtained from reference 11. The axial space between the two 
fan hubs is occupied by a floating spinner 2.44 m (8.0 ft) long and 6.10 m (20 ft) in diam- 
e te r  which represents a continuation o i  the shaft enclosure contour. This  spinner i s  sup- 
ported or, bearings housed in the ends of the fan drive shafts and is restrained from rotat-  
ing by two smal l  cables. 
Returr. passage.- The return passage upstream of the air exchange section is a large 
--- 
conical diffuser and downstream, a cylinder. Dimensions of these components a r e  given 
in table I. The primary function of the return passage is to duct reenergized air from the 
power section through the air exchange section back to the quiescent chamber. Air veloc- 
i t ies throughout the re turn  passage arc? too low to yield much p ressure  recovery in the 
diffuser portion of the return passage. The cylindrical portion has two 90° elbows which 
incorporate the third and fourth s e t s  of turning vanes. 
A n  exchange section.- The a i r  exchange section se rves  to cool the wind-tunnel a i r -  
s t ream and to provide scavenging of exhaust gases  when engines a r e  under investigation 
in the test  section. All th2 energy expended through the main drive fans is eventually 
converted into heat which elevates the a i r s t r eam temperature. With no cooling of the 
wind tunnel during operation at  high power, the a i r s t r eam temperature would increase  
rapidly to a dangerous level. In most high-speed wind tunnels, the a i r s t r eam is cooled 
by a water-cooled heat exchanger. An important advantage of that method of cooling is 
that the wind tunnel may be a closed circuit charged with dry  a i r  to avoid condensation. 
The Langley 16-foot transonic tunnel was designed primarily for investigation of propul- 
sion system effects on a i r f rame aerodynamic characterist ics.  Investigations of this type 
frequently entail the operation i n  the test  section of r ea l  engines emitting hot and toxic 
exhaust gases which must be scavenged continuously from the wind-tunnel a i r s t r eam.  
The process of cooling by a i r  exchange consists of exhausting a part of the wind-tunnel 
a i rs t ream which has become heated and by replacing the heated a i r  with cool ambient air. 
The a i r  exchange section which  perform^ this function is shown in  i igures 2 and 3. A 
photograph from inside the return passage looking downstream (fig. 5) shows in the fore- 
ground the air  exchange exhaust openings which duct the heated boundary-layel ::- out of 
the wind-tunnel tube and into the exchange tower. Farther downstream ma?. la! set. '-.e 
inner surfaces of the intake louvers, and in the far background a re  the thir,. ;et of tux:. ~g 
vanes. The air  exchange section basically i s  a constriction in the ..eturn passage with 
exhaust and intake openings located, respectively, upstream and downstream of the. con- 
stricted cross section. Both exhaust and intake openings a re  essentially annular, each 
having 36 segments equipped with adjustable louvers. The interconnected intake louvers 
a r e  manually adjustable and are  generally left in an open position. The interconnected 
exhaust louvers a r e  mecharucally actuated, and heated air  exhaust i s  subject to quick 
adjustment during a test for partial control of airstream stagnation temperature. Air 
exchange can be varied between 5 and 20 percent of the tunnel mass fiow. When test sec- 
tion air  removal i s  applied, the air exchange intake mass flow exceeds the exhaust by the 
amount being removed from the test section p l ~ m m .  The air  exchange section is housed 
in a rectangular tower with bdffles which duct the heated exhaust out of the top of the t o w x  
while cool a ir  i s  taken in at the sides near the top. Dust i s  removed from the intake air  
by filters. In both intake and exhaust, acoustic baffles a r e  used to attenuate tne noise 
which issues from these openings. 
Antiturbulence screens.- Two antiturbulence screens, each composed of a single 
-
layer of square mesh woven wire, a r e  installed one in the a i r  exchange section and the 
other in the quiescent chamber (fig. 31. The screens have the following dimensions and 
characteristics: 
Axial station . . . . . . . . 
Screen diameter . . . . . . 
Wire diameter . . . . . . . 
Wire center-line spacing . . 
Screen solidity . . . . . . . 
Pressure loss, Ap/q . . . 
Quiescent chamber 1 Air exchange section 
0.70 m (2.3 ft) 
17.68 nl (58 ft) 
1.37 nun (0.054 in.) 




227.75 m (747.2 ft) 
17.07 n~ (56 ft) 
2.03 mm (0.080 in.) 
11.28 mm (0.444 in.) 
0.325 
0.650 
In addition to reducing turbulence, the screen in the air  exch.ange section also increases 
the effectiveness of the air  exchange by c r ~ a t i n g  a slight pressure drop between exhaust 
and intake. 
Test Section 
General description.- Overall views of tne test section incorporating the axial 
center-line survey tubt :.re shown in figure 6(a), a view from the quiescent chamber, and 
in figure 6(b), a view f r c v  the diffuser. The test section and diffuser entrance, which a r e  
8 
the portions of the wind tunnel havi::g variable gcometr), extend from station 32.61 m 
(107 ft) to station 46.94 nl (154 ft) a s  indicated in figure 7. The cross section at station 
32.61 m (107 ft) i s  a closed regular octagon having an area of 18.50 m2 (199.15 ft2). 
Other sections a re  also octagonal but a: open at the corners, and cross-sectional area 
varies with test section wall divergence. The feature which gives the tunnel transonic 
capability i s  the venting of the test section to the plenum. In this tunnel, the vents a r e  
eight longitudinal slots located at the intersections of the wall flats. The plenum is a 
sealed tank 9.75 m (32 ft) in diameter which enclose* the test section and diffuser 
entrance. 
Test section wall.- The test section wall i s  made up of eight longitudinal flats sym- 
metrically disposed about the tunnel center line. For convenier.ce, the flats a r e  num- 
bered in clockwise order for a viewer looking up st rear.^, number 1 being on the lower left 
as  shown in figure 7. The surface of each flat is a continuous steel plate from station 
32.61 m (107 ft) to station 46.94 m (154 ft), the width being 195.38 cm (76.92 in.) at the 
upstream station and less at other stations by the amount of the slot width. Each flat i s  
rigidly supported by a main truss and strongback between stations 34.75 m (114 ft) and 
42.06 m (138 ft) and by a second truss and strongback between stations 42.67 m (140 ft) 
and 46.94 m (154 ft). (See figs. 8 and 9(a).) The trusses a r e  attached to the tunnel struc- 
ture through flexure plates at stations 34.14 m (112 ft) and 46.94 ' .  ' 54 ft) and a r e  
jointly supported at station 42.06 m (138 ft) through an actuatc . I  provides radial 
motion with respect to the tunnel center line. The long steel - which form the walls 
a r e  attached rigidly to the tunnel structure between stations 3. ' ,n (107 ft) and 33.53 m 
(110 ft). These plates have flexural regions centered at stations 34.14 m (112 ft) and 
42.37 n~ (139 ft) and a sliding joint at station 46.94 (154 ft), where there i s  a sealed trans- 
verse gap which varies with wall divergence. The region where the tunnel walls a r e  flat 
therefore extends from station 34.75 nl (114 ft) to station 42.06 m (138 ft). The eight 
wall divergence actuators a re  interconnected and a r e  driven by a single electric motor. 
At zero wall divergence, the test section walls form an octagonal cylinder between sta- 
tions 32.61 m (107 ft) and 42.06 m (138 ft), bending occurs between stations 42.06 m 
(138 ft) and 42.67 m (140 ft), and the upstream portion of the diffuser s tar ts  at an angle 
of 2.75O to the tunfiel center line. When the test section walls a r e  diverged, bending takes 
place between stations 33.53 m (110 ft) and 34.75 m (114 ft) and divergence i s  measured 
a s  the angle between the tunnel center line and the rigid portion of the wall from station 
34.75 m (114 It) to station 42.06 m (138 ft). As divergence increases, the wall bending 
between stations 42.06 rn (138 ft) and 42.67 m (140 ft) decreases and the divergence 
angle of the diffuser entrance decreases. Actuation is provided for a maximum angular 
divergence of 0°45'. 
Slots.- The test section slots, located at the intersections of the wall flats, a r e  cight 
-
longitudinal openings generally parallel to the tunnel ceuter line which provide vents 
between the test section airstream and the plenum which surrounds the test section. The 
slot width or opening i s  nominally zero between stations 32.61 m (107 ft) and 32.77 m 
(107.5 ft). Each slot proper starts at station 32.77 m (107.5 St) and extends to station 
46.94 m (154 ft) but is closed by the diffuser entrance vanes between stations 43.10 m 
(141.4 ft) and 46.94 m (154 ft). Some structural details of the wall flats and slots a r e  
shown by the sectional views of figures 7 and 8 and by figure 9(a). Longitudinally, the 
major portion of the skin of each wal, .iat i s  made of a single steel ylate extending froml 
station 32.61 m (107 ft) to station 46.94 m (154 ft); in cross section, however, the con- 
struction i s  composite. Each edge of a flat i s  t r inmed with a strip which cal'ries a skirt 
60.96 cm (24 in.) wide normal to the plane of the flat. In cross section, the skirts adja- 
cent to a slot form a channel with walls mutually inclined at 45O completely open to the 
plenum. At the test section wall, the edges of these skirts form a basic rectangular slot 
having a half-width of 13.23 cm (5.207 in.). The actual slot shape is determined by the 
contour of the slot-edge strip which i s  effectively an extension of the flat in width as showa 
in figure 8. The slot half-widths (table 11) a re  measured in the plane of the flat sul:face 
from and normal to the intersection of two adjacent flats when the wall diver-ence angle 
i s  zero. 
Diffuser entrance vanes.- The purpose of the diffuser entrance vanes and lips is to 
----- 
reintroduce into the tunnel airstream the low energy axial flow existing in the plenum 
adjacent to arid at the downstream end of the slots. The diffuser entrance vanes and lips, 
which a r e  integral and a re  adjustable a s  a unit, form a part of the tunnel wall serving to 
close the openings between the plenum and airstream in the region where the downstream 
end oi the slots would otherwise ex,end ~ n t o  the diffuser. The slot width increases 
abruptly just ahead of the diffuser, near siation 42.67 m (140 ft) ,  so that in plan view the 
leading edge of the diffuser entrance lip at station 43.10 m (141.4 ft)  i s  40.64 cm (16 in.) 
wide. The vane width increases linearly with distance downstream to a value of 53.34 cm 
(21 in.) at st.ation 46.94 m (154 ft). In longitudinal section, the vanes a r e  flat betweel; 
stations 43.59 m (143 ft) and 46.94 ni (154 ft), and the lips between stations 43.10 nl 
(141.4 ft) and 43.59 m (143 ft) a r e  deflected 20° away from the tunnel center line to form 
scoops extending into the plenum. The diffuser entrance with vanes and lips installed i s  
shown in figures 9(a) and 9(b). The vanes a r e  hinged at station 46.88 m (153.8 ft) to per- 
mit, in a radial plane, angular motion with respect to the turinel center line, and each vane 
is indi~idual.'jr supported by an adjustable strut connecting the underside of the vane to the 
plenun: wall near station 43.89 m (144 ft). When the flats a r e  diverged, the approximately 
paralle! valls of the channel in which the diffuser entrance vanes a r e  installed separate 
laterally and thereby create a channel of greater width. The sealing of the vane edges is 
maintained by spring loaded blocks which take up the change in width a s  the 3a t s  a r e  
diverged. 'Zane setting i s  specified a s  depth of the entrance lip leading edge into the 
plenum, measured from and normal to the plane of the flat surface at station 43.10 m 
(141.4 ft). (See fig. 9(b).) 
Model support strut .-  Although various methods have been used for mounting models 
in the test section, each depending on the nat r re  of the investigation, the type of mounting 
most con~n~only used in this wind tunnel is a sting which is cantilevered from a s t rut ,  as 
shown in figure 10(a). A sketch showing the critical dinlensions for locating a model in 
the test section is presented in figure 10(b). The part of the cupport s t ru t  exposed to the 
a i rs t ream i s  a cast s tee l  circular-arc segment surmounted by a short  straight swept 
strut  carrying at l i ~  upper end the s t rut  head which i s  a cylindrical body 2.13 m (7.0 ft) 
long and 35.56 cm (14 in.) in dianleter, terminated downstream by a tail cone. At ze ro  
angle of attack, the strut  head is coaxial with the tunnel center line. The upstream end of 
the s t rut  head falls a t  tunnel station 43.26 m (141.94 ft). F0rwai.d of this station is a 
stir.:: but! and interchangeable knuckle extending to station 42.34 m (158.90 It). The 
knuckle is a coupling that attaches the model sting to the sting butt. The sting from 
knuckle to model can be supplied from a wide assortment of standard stings o r  can be 
fabricated to suit specific model requirements. The support s t ru t  penetrates the tunnel 
floor (flat 8) in the diffuser entrance region thrmgh an unsealed opening and is attached 
to a carriage which moves on a circular-arc t rack located in the plenum. The support 
system moves in a vertical plane containing the tunnel center line and is centered on this 
axis at  station 40.84 m (134 ft). A model station. therefore, located at that station on the 
tunnel center line will remain a t  that point a s  angle of attack is varied. The model sup- 
port system is actuated through an angle-of-attack range of 20°, from -5' to +lSO with a 
straight knuckle. The angle-of-attack range can be shifted by the use of interchangeable 
knuckles incorporating positive o r  negative bends of 2O, 5O, lo0, 15O, 20°, 30°, and 45'. 
These knuckles installed with the bend in a lateral  plane also provide fixed angles of side- 
slip. Alternatively, models can be installed with the wings in the vertical plane s o  that 
the s t rut  pitch mechanism can provide variable angles of sideslip and the bent knuckles 
can provide fixed angles of attack. The roll  mechanism in the strut  head is manually 
variable at fixed angles of 90° increments. 
Windows and access  hatches.- - Twc windo\:.s (1.83 m (6 ft) loug and 0.91 m (3 ft) 
high), centered a t  station 40.81 m (134 ft), a r e  located in wall flats 2 and 6. (See fig. 7.) 
In line with these windows a r e  others of equal s ize  in  the walls of the plenum. The win- 
dows a r e  used primarily for model observation. They have been put to limited use for 
schlieren observation and more  extensively for shadowgraph observation. For  this lat ter  
application, the window in wall flat 2 is replaced by a s teel  plate which, with a l a r r e  por- 
tion of the adjacent test section wall, is finished in a flat white. Small circular windows 
in the ceiling (flat 4) at stations 41.45 m (136 ft) and 41.76 m (137 ft) a r e  used for visual 
and motion-picture observation of flow on a model defined by tufts, oil, o r  dyes. 
The model installation hatch for this wind tunnel was made unusually large to per- 
mit free use of the hoist required for hand!ing heavy models. Approximately the upper 
three-eighths of the plenum with the upper three flats (flats 3 ,  4, and 5) can be raised a s  
a unit and stowed overhead to permit free movement of a 13 608-kg (15 ton) traveling 
hoist over the entire control room and test section area. The open hatch i s  thus 4.72 m 
(15.5 ft) wide and 15.85 m (52 ft) long, extending from stations 32.3 1 m (106 ft) to 
48.16 m (158 ft). One reason for the length upstream was to avoid transverse cuts in the 
test section wall in the region of supersonic flow. A view of the test section with the 
upper hatch open is shown in figure 11. Quick access walk-through hatches a r e  located 
a s  follows: one in the floor of the tunnel wall downstream of the plenum at station 
49.68 m (163 ft) leading to the test section, and one on each side of the plenum leading to 
the region surrounding the test section. 
Test Section Air Removal System 
Arrangement and function.- Figures 1, 3, and 12 show the general arrangement of 
the test section air  removal equipment with respect to the wind tunnel proper. Basically, 
this is a large motor-driven axial-flow compressor which removes IGW en3rgy air  (up to 
4.5 percent of test section mass ilow) from the plenum surrounding the test section and 
discharges this a ir  to the atmosphere. 
Test section air  removal i s  beneficial primarily for the attainment of low super- 
sonic speeds in a transonic wind tunnel. As indicated in reference 3,  properly sized lon- 
gitudinal slots in a test section wall and the plenum around the test section serve to 
reduce o r  eliminate solid blwkage of a model and thereby permit testing of the model at 
sonic speed without choking the airstream at the station of model maximum cross- 
sectional area. By application of sufficient tunnel drive power and by creation at the dif- 
I w e r  entrance of a sufficiently low static pressure related to the local supersonic flow on 
the curved wall between test section and diffuser, it was found that low supersonic speeds 
could be established in the test section. The low static pressure in the vicinity of the dif- 
fuser entrance i s  transmitted through the slots at  their downstream end into the plenum 
and establishes in that region a low static pressure corresponding to a supersonic speed. 
Because air in the plenum is relatively stagnant, the low pressure in the plenum is 
exerted directly through the slots and test section boundary layer to the test section air-  
stream along the full lengtb of the slots. The result is an expansion of a portion of the 
test section airstream through the slots into the plenum and, when airstream velocity i s  
sonic at  the upstream end of the test section, supersonic speeds a r e  established through- 
out the length of the test section. The air which flows from the test section into the 
plenum loses most of it!; kinetic energy in the process. With no test section air removal, 
this low energy air  i s  reintroduced into the tunnel airstreal-, a t  the diffuser entrance and 
causes further energy loss by reducing the effectiveness of the diffuser. In this case the 
tunnel main drive is required to overcome the energy losses  in the test  section due to 
slot mixing r i ~ d  terminal shock a s  well a s  increased diffuser losses  and the friction and 
turbulence losses in the remainder of the wind tunnel. Thus, without test  section a i r  
removal the nlaxinlunl supersonic speed attainable in a slotted o r  vented test  section is 
limited by the power of the tunnel main drive. In applying test  section a i r  i?moval, the 
compressor is sized to pump stagnant a i r  from the pierlu~u arid to exhaust i t  to  the atmo- 
sphere. The pressure  difference and compressor mass  flow a r e  determined by the test 
section Mach number and air state. The c o x p r e s ~ o r  pumping redirects the slot mixing 
losses and saint! of the tunnel skin-friction loss because boundary-layer air is removed. 
The tunnel main drive then, aided by this quasi-boundary-layer control, is required to 
overcome only the normal friction and turbulence losses  of the wind tunnel and the test  
section terminal shock. Thus, a s  shown in a subsequent section, to achieve a specified 
low supersonic speed in a slotted wind-tunnel test  section, less  total power is required 
when applied partly in the main drive and partly in a test  section air removal systeix than 
when all the power is applied rhrough the main drive. 
Compressor.- The air removal compressor is a nine-c tage axial-flow compressor 
rated a s  follows: 
Total pressure  ratio . . . . . . . .  3.33 
. . . . . . . . . .  Inlet volume flow 451 m3/sec 
. . . . . . . . . .  Rotational speed 2290 rpnl 
Inlet pressure  . . . . . . . . . . .  3.24 ~ / c m 2  
Inlet temperature . . . . . . . . .  49O C 
Power . . . . . . . . . . . . . . .  26 100 kW 
Mass flow . . . . . . . . . . . . .  170 kg/sec 
Throat a r e a  . . . . . . . . . . . .  3.4 m2 
(3.33) 




(35 000 hp) 
(11.65 slugs/sec) 
(36.6 ft2) 
The compressor installation is shown in figure 13(a) and the open compressor is 
shown in figure 13(b). The normal operating range in  this application is between 80 aild 
100 percent of rated speed. The pressure  rat io and efficiency a s  functions of corrected 
mass  flow a r e  presented in figure 14 for this range of operation. The performance data 
presented in figure 14 a r e  from measurements made during acceptance tests .  
Motor.- The compressor is driven by a wound rotor induction motor through a 
speedup gear. The drive and pinion gears have 328 and 79 teeth, respectively; this gives 
a ratio of compressor to mot.or speed of approximately 4.15. The motor rating is 
26 855 kW (36 000 hp) a t  552 rpm. Speed control is obtained by a sl ip regulator incorpo- 
rating a brine tank rheostat. 
Valves and controls.- The compressor inlet consists of a dual-passage manifold 
with protective screens  and bell mouth (fig. 12). The manifold air passages consist of a 
central 3.66-m-diameter (12 ft) pipe leading from the 4.88-m (16-ft) tunnel surrounded 
by the 5.49-tn-diameter (18 ft) wall of the manifold which forms an annular passage a s  
indicated in figure 12. The annular passage carries a ir  brought bj- a lung 1.83-m- 
diameter (6 ft) pipe frnn? the Lugiey high-speed 7- by 10-foot tunnel which in the past 
used this equipment for test section air  removal in common with the 16-foot transonic 
tunnel, but not sin~ultancously. The annular passage also receives and distri lctes to the 
con:pressor inlet the air  taken in through the surge control valve. The dual-passage 
~nanifold was arranged as  indicated to minimize the generation of turbulence when flows 
from separate sources mix ahead of the conlpressor inlet. 
The surge control valve, located on top of the compressor inlet manifold, i s  a 
1.219-ni-diatnetcr (4 ft) hydraulically actuated butterfly valve. Because surge pressure 
ratio varies with rotational speed, the electronic component of the control accepts signals 
iruiii a conipressor drive tachon~eter and f r o n  a pressure transducer in the inlet mani- 
fold, combines these signals, and through a servo maintains the surge control valve posi- 
tion. The valve i s  modulated at compressor rotational speeds from 80 to 100 percent of 
rated speed to maintain a safe margin between maximum operating and surge pressure 
ratios. At a pressure ratio closer to surge and at speeds below 80 percent of rated 
speed, an overriding o r  surge limit control causes the valve to move to the full open posi- 
tion. During operation of the wind tunnel at near maximum a i r  speed, the surge control 
valve remains closed. An additional 1.219-m-diameter (4 ft) relief valve, remotely 
operated, i s  provided for emergency control. 
The flow of air  from the test section to the compressor is controlled by a 3.048-m- 
diameter (10 ft) hydraulically actuated butterfly valve located in the air  removal duct just 
outside the test section plenum a s  indicated in figure 12. This valve can be controlled 
either automatically to maintain preselected values of compressor pressure ratio a s  a 
function of rotational speed, or compressor inlet suction pressure can be set manually to 
any value less than that established by the surge control. 
Compressor cooling i s  not required under normal operating conditions. The co%- 
pressor is rated for inlet air  at 4g0 C (120° F) ,  and the blading i s  capable of safe opera- 
tion with even higher inlet tetnperatures. However, a water injection cooling system for 
the con~pressor is provided which acts automatically when the inlet a i r  temperature 
reaches 4g0 C (120' F),  and the rate of water injection i s  regulated to maintain that tem- 
ljeKd~u,le.  -1- A I I ~  - \;ci.rl apsay - nozzles ar?  locatcd in the a i r  removal d i~c t  a short rlistanre 
downstream from the 3.048-m-diameter (10 ft)  main flow control valve, a s  indicated in 
figure 12. This method of cooling the compressor, by direct evaporatim of water in the 
compressor airflow, i s  less efficient than cooling by heat exchanger but i s  effective and 
economical in that only intermittent use i s  required. 
Instrumentation 
Wind-tunnel a i r  s tate sensors.-  The plenum-static-pressure ori i ices located in  the 
plenum wall behind flats 2 ,  6, and 8 ,  a t  station 33.68 m (110.5 ft),  a r e  conlpletely open to 
the plenum interior but a r e  protected from a i r  gusts by adjacent tunnel structure.  Air- 
s t r eam stagnation pi e s sure  is sensed by four shielded total-pressure probes carr ied  by a 
cruciform support (fig. 15). The probes, located at axial station 1.31 nl (4.30 ft),  a r e  
0.61 m (2.0 ft) downstream of the antiturbulence screen and 0.46 m (1.5 ft) f rom the tun- 
nel center line. Airstream stagnation temperature was measured with electr ical-  
resistance temperature probes located on the fourth se t  of turning vanes at four points 
near the tunnel center line. At the t ime of these wind-tunnel calibrations, 1961 to 1965, 
the dewpoint was measured outside the wind tunnel, near the a i r  exchange tower, with a 
lithium chloride type instrument and was recorded manually. Dewpoint currently is mea- 
sured with a condensation mirror-type dewpoint indicator using continuously sampled a i r  
from the wind tunnel and is recorded on magnetic tape for each data point. 
Center-line stat ic pressure . -  The principal iest sect:on instrumentation consisted 
---  
of the center-line survey tube shown in  figures 6, 7, and 9(a). This tube is 10.16 cm 
(4 in.) in  diameter and extends from station 22.71 m (74.5 ft) in  the entrance cone to s ta-  
tion 43.13 m (141.5 ft) at the downstream end of the test  section where i t  is fastened into 
the special s t ru t  head shown in figures 9(a) and 16. The upstream end of the center-line 
survey tube is supported by eight cables anchored to the tunnel shell ,  which exer t  on the 
tube b, h tension and bending. Deflection of the tube under i t s  own weight resulted in an  
angle between the tube axis and the tunnel center line which nowhere exceeded lo. In the 
vicinity of the supporting cables, a i rs t ream Mach number never exceeds about 0.35. The 
survey tube carr ied  54 stat ic-pressure orif ices 0.508 mm (0.020 in.) in diameter spaced 
22.86 cnl (9.0 in.j apart.  The orif ices l ie  on the tube surface 90' from the vert ical  plane 
containing t h ~  tube axis in order  to minimize the effects of tube curvature in that plane on 
the tube vlrface pressures .  
Wall sthtic pressure . -  Stat ic-pressure orif ices were  provided also on the test  sec-  
tLdll wall flat 1 ,  a s  shown in figure 7. The or i f ices  lie in an  axial plane displaced above 
and 15.24 cm (6 in.) from a plane containing the tunnel center line and the center line of 
flat 1. The ori i ices were 0.508 mm (0.028 in.) in diameter with centers  spaced 15.24 cm 
(6 in.) apart  axially from tunnel station 29.11 m (95.5 ft) to station 46.79 m (153.5 ft). 
This row 3f stat ic orif ices was extended into the diffuser, with axial spacings of 0.61 m 
(2 ft),  1.83 nl (6 f t) ,  and 3.66 m (12 ft),  to station 97.54 nl (320 ft). The axial locations of 
tlic! orifices on both the center-line survey tube and on wall flat 1 within the t e s t  section 
a r e  given in table 111. 
Data acquisition.- For  the ca l ibra t i~ms of 1961 and 1963, pressures  were  measured 
with mercury manometers, recorded photographically, and read n~anually on a photoreader 
which entered the data into punch cards. In the calibration of 1965, pressures were mca- 
sured with remotely actuated scanning valves in conjunction with electrical pressure 
transducers and were recorded on magnetic tape. Temperatures of the tunnel airstream 
flow and of the flow through the air  removal compressor were sensed kj thernlocouples 
and were recorded on self-balancing potentiometers and on magnetic tape. 
TEST SECTION DEVELOPMENT AND CALIBRATION PROCEDURE 
Test section walls have primary contrdl of the flow conditions provided for the test 
model. Because of this well recognized fact, considerable study and effort were applied to 
the deve1o:ment of the walls which a re  presently installed in the Langley 16-foot transonic 
tunnel. A historical explanation i s  presented to show the reader how the 16-foot slotted- 
wall test sectian was developed. After the final slot shape was chosen, the test section 
flow conditions were examined with respect to the effects of test section wall divergence 
angle, tunnel drive power, moisture content in the tunnel airstream, model blockage, 
shock reflection, and several other smaller related effects. Before launching directly 
into a wall-slot developnlent program, it was believed important to perform some initial 
exploratory tests to establish operating procedures and to obtain data using earlier 
designed slot shapes. The following description begins with the discussion of some early 
work (1950) and the exploratory tests (1961). 
Slot Shape Studies 
When the 16-foot tunnel was repowered and converted from a high-speed wind tun- 
nel to a transonic wind tunnel in 1950, the objective of slot shape development at that time 
was to minimize test section wall interferencs related to model solid blockage at near 
sonic speeds. Studies by Wright and Ward (ref. 3) indicated that for an eight-slot octag- 
onal test section, an open porosity of about 12 percent of the test section periphery would 
be near optimum. The theory of Goethert (ref. 12) indicates that for M < 1.0, the slot 
width should be about one-half that indicated by Wright and Ward. For the test section 
modification of 1950, slots providing a 13.5-percent open periphery (slot shape 18) were 
developed by using a cul and try method to obtain uniform flow in the region of model 
tests. This original slot development work i s  reported in reference 5. The geometry of 
slot shape 18 i s  also defined herein in table 11. This original slot shape continued in use 
until the wind tunnel was provided with the test section air  removal system in 1361. 
Before installation of the test section a i r  removal system, the maximum test section 
Mach number with uniform flow was 1.08. When test section air  removal was made avail- 
able, the maximum Mach number was found to have been increased to about 1.3; however, 
it was observed that slot shape 18 did not provide a uniform flow in the test section at the 
higher supersonic speeds. As a consequence, a new objective was established to devise 
a slot shape which would yield the highest feasible test  section Mach nuniber with the 
largest  possible testing region over the complete Mach number range. 
Cr i ter ia  for Flow Uniformity 
The general cr i ter ia  of acceptability applied to Mach number distribution in evalu- 
ating slot shapes were that the average Mach number gradient be l e s s  than about 
rt0.003 per  meter (10.001 per  ft) and that the standard and maximum deviations of Mach 
number from a straight-line fit by the method of least  squares  be l e s s  than k0.005 and 
*0.010: respectively, within an approximate length of 1.8 m (6 ft). 
Exploratory Investigations 
Before proceeding with an  experimental study of the effects of slot  shape on tes t  
section Mach number distribution and on tunnel power, exploratory investigations were  
required to determine the factors essential  to the wind-tunnel operating procedure with 
test  section a i r  removal. At this  stage of the work, there was no test  section calibration; 
consequently, visual data Mach number was determined directly from a i r s t r eam stagna- 
tion pressure  and tes t  section wall s tat ic pressure  a t  station 40.84 nl (134 ft) without 
regard  to Mach number gradient in  the test  section. 
Power balance between drive motors.- To determine the extent to which t e s t  section 
a i r  removal affected the power balance between the main drive motors,  an  initial tes t  with 
the test  section empty, except for the support s t ru t  with a conical nose fairing (fig. 16), 
was made a t  near to? power of the two main drive motors and with the conlpressor a t  top 
speed. Power of these two drive motors was measured f i rs t  with the plenum valve closed 
aild then full open. The 4.5-percent reduction in mass  flow of a i r  through the drive fans 
caused by removal of a i r  from the plenum surrounding the test  section had no noticeable 
effect on the power balance between the two main drive motors. This finding eliminated 
power i m b a l a ~ ~ c e  a s  a potential operating problem. For  further investigations, the center-  
linc survey tube (figs. 6, 7,  and 9(a)) was installed in  the tes t  section which s t i l l  incorpo- 
rated slot shape 18. 
Diffuser entrance vane setting.- Two tes ts  which differed only in position of the dif- 
fuser entrance vanes (fig. 9) showed that this variable had relatively smal l  influence on 
maximum speed at  constant power (fig. 17). A vane lip depth of 27.94 cm (11.0 in.) was 
arbitrari ly chosen subsequently a s  a permanent setting. 
Diffuser entrance leakage.- Between stations 43.10 m and 46.94 m (141.4 ft and 
154 ft),  the juncture between the edges of the diffuser entrance wall flats and the adjacent 
tunnel s t rcc ture  was a sliding fit. Some leakage of a i r  from the diffuser into the plenum 
surrounding the test  section was possible. Results obtainer! -: :th and without sealing of 
these joints (fig. 18) showed that a t  the higher speeds with the a i r  removal system in  use ,  
the leakage was immaterial .  At lower speeds without test  section a i r  removal, sealing 
was slightly beneficial. 
Test  section wall diverpence.- -- Remotely controlled test  section wall divergence had 
been incorporated in  the design of 1050 a s  a means to control the effect of boundary-layer 
growth on longitudinal distribution of Mach number. In general ,  the variation of t e s t  sec-  
tion wall divergence was not required a s  an  operating procedure prior to the w e  of test  
section a i r  removal when the maximum practical Mach number was 1.08. In a final 
exploratory test ,  the main drive motors were  operated a t  maximum power, with the coni- 
pressor at top speed, and the plenum valve s e t  full open. With no further adjustment of 
3 these controls, the test  section walls were  diverged i n  angular increments of about 0°5'. 
Results a r e  shown in figure 19. An increase  in wall divergence angle from 0°5' to 0026' 
increased the Mach number from 1.28 to about 1.33 (visual data) without regard  to Mach 
number distribution. The slight decrease  in  power with increasing Mach number ;s pos- 
sibly related to an improvement in diffuser efficiency with increas6.d wall divergence 
angle. Inasmuch a s  Mach number gradients in the tes t  section varied with wall diver-  
gence angle, this test  showed that tes t  section wall divergence angular setting would be a 
cri t ical  parameter in operation of the wind tunnel. &! t 
Effects of Slot Modifications 
Slot shapes 18 to 23.- After completion c;f the exploratory tests ,  the experimental 
study of the effect of slot  shape on maximum speed and power and on tes t  section Mach 
nuniter  distribution was begun with slot shape 18. All the slot shapes treated i n  this 
investigation a r e  presented in figure 20, and their  coordinates a r e  listed in table 11. The 
varjation of slot half-width increment with test  section wall divergence angle i s  shown i n  
figure 21. The effects of the slot shape changes or! Mach number distribution in  the test  
section a r e  shown in figures 22 to 31. For  slot shape 18 a t  speeds not requiring tes t  sec-  
ticn a i r  removal, the Mach number distributions a r e  s imi lar  to those of reference 5, 
although not at  identical values of Mach number. At the higher speeds, test  section a i r  
removal was applied fully and tunnel a i r  speed was varied by controlling rotational speed 
and power of the main drive fans. At supersonic speeds, the usable length of testing 
region provided by slot shape 18 (fig. 22) was regarded a s  too short ,  with excessive drop- 
off in B m h  number a t  the downstream end of the testing region. Slot shape 19 was 
obtained by an arbi t rary  approximate doui~ling of the open a r e a  of slot shape 18 over the 
upstream one-third of i t s  length. Although the modification had a beneficial effect on the 
flow ahead of the testing region (fig. 23), thc flow in the testing region proper was not 
improved. Shape 20 was obtained by reducing the slot width over the downstream one- 
third of the slot length and this shape did yield an  increase i n  Mach number a t  the down- 
s t r eam end of the testing region (fig. 24). The results  obtained ccith slot shapes 18 to 23 
(figs. 22 to 27) indicate that ( I )  at  near maximum tunnel a i r  speed, an increase  in width of 
Slot shapes 24 to 26.- Results of the foregoing investigations of t r i a l  s lot  shapes 
seemed to indicate that uniform flow would be achieved only through a reduction in slot  
width. For  slot shape 24, the width was reduced to approximately 7.62 cm (3 in.) over 
most of the slot length. The Mach number distributions a t  mah~rnum and a t  lower a i r  
speeds obtained with slot shape 24 (fig. 28) wt . I  . ?garded a s  acceptable for tes t  section 
lengths both of 1.83 m (6 ft) and of 2.29 m (7.r _.;. An increase  in  width of the upstream 
end of the slot  which resulted in  slot shape 25 again Nas found to have a n  adverse effect on 
uniformity of flow in  the test  s e c ~ i o n  (fig. 29). Accordingly, a t r i a l  reduction i n  width of 
the starting section of slot 24 produced slot  shape 26. The tes t  section flow obtained with 
slot shape 26 (fig. 30) was regarded as the most uniform thus far  achieved. In compari- 
son with the ear l ier  slots  of greater  width, the narrow shapes 24, 25, and 26 seemed to  
greatly reduce the operating noise and turbulence of the wind tunnel. Slot shapes 18 
through 26 were  investigated with no sealing of the diffuser entrance joints; however, for 
tho final calibration of slot  shape 26, and a s  a permanent fixture of the t e s t  section, the 
sliding joint at  the downstream ends cf the flats (station 46.94 m (154 ft)) was provided 
with a thin metal s t r ip  labyrinth seal. The wind tunnel incorporating slot  shape 26 was 
operated over a wide range of tes t  section wall divergence angles a t  each o: severa l  norn- 
inal values of Mach number. For  each value of Mach number, test  section wall divergence 
angle was selected to yield ze ro  axial gradient of stat ic pressure .  Axial distributions of 
Mach number for slot shape 26 a r e  presented in figuLse 30, and from these data was estab- 
lished the wind-tunnel calibration of 1961 which continued in  use  until 1963. 
Slot shapes 27 to 29.- Slot shapes 27, 28, and 29 a r e  shown a t  the top of figure 20, 
and coordinates for  these shapes a r e  given in table 11. These shapes a r e  the same  a s  slot  
shape 26 except in a short  region downstream from station 40.23 m (132 ft) where shape 26 
incorporates slightly reduced width and shapes 27, 28, and 29 have uniform width. In slot 
shape 27, the active narrow portion of the slot was extended downstream slightly into the 
diffuser with a view toward improving diffuser efficiency and, thereby, increasing maxi- 
mum speed. Because shape 27 presented a mechanical problem where i t  t raversed the 
flexure in  the test  section wall a t  station 42.37 m (139 ft) and because no increase  in  max- 
imum speed was realized, shape 27 was converted to the simpler shape 28. Separate Mach 
number distributions for slot shapes 27 and 28 a r e  not presented because neither i s  signif- 
icantly different from that for shape 29 (fig. 31). The wind-tunnel calibration of 1963 
the upstream one-third of the s lo ts  increased a i r  speed upstream of the testing region but 
had a n  adverse effect on uniformity of flow a t  the downstream end, (2) a general  increase 
i n  slot width (shape 22) adversely affected flow in the tes t  section, and, conversely, (3) a 
reduction i n  slot width over the dowcstream one-third of the slot length (shapes 20, 21, 
and 23) improved flow uniformity a t  the downstream end of the test  section. At maximum 
tunnel a i r  speed, the Mach number distributions produced by slot  shapes 18 to 23 were  not 
regarded a s  acceptable either in  length of testing region o r  in  uniformity of flow. 
included an abbreviated verification of the performance of slot shape 26, an investigation 
of slot shape 27, and a complete calibration bf the wind tunnel incorporating slot shape 28. 
Slot 28 was fabricated with wooden edge strips fastened to the remnants of the steel edge 
strips of n~iscellaneous obsolete slot shapes. Although regarded a s  temporary, slot 
shape 28 continued in use until the wind tunnel was calibrated in 1965 with slot shape 29. 
The coordinates of slot shapes 28 and 29 are  identical (see table 11); however, the slot 
edge strips for shape 29 a re  almost entirely of steel and the new designation "29" was 
given primarily for physical differentiation of these slot installations. Under all operating 
conditions, the most uniform flow in the test section was achieved with slot shape 29 which 
i s  defined over the upstream one-third of the slot length by an approximately triangular 
starting section that faired into a relatively narrow slot having a constant width (3.9 per- 
cent open periphery) over the downstream two-thirds of i ts  length. 
Calibration With Slot Shape 29 
Operating variables.- Experience acquired in operation oi the wind tunnel with test 
section air  removal prior to 1965 had established the techniques for obtaining any pre- 
selected value of Mach number ur +o 1.30. Speed of the main drive fans, compressor 
speed, plenum va:ve and surge control valve positions, and approximate values of test sec- 
tion wall divergence angle were known. This experience had shown also that although 
moisture content of the airstream did not have a large effect on aerodynamic data (ref. 13), 
it did have some effect on the axial gradient of static pressure in the test section. Although 
the gradient does not affect the mean value of Mach number in the test section, a static- 
pressure gradient can exert horizontal buoyancy on a model and may thereby cause an 
e r ro r  in drag measurement. In the wind-tunnel calibration of 1965, resort  was made to 
empirical determination of the effect of a i r  humidity on static-pressure gradient in the 
test section and on selection of the proper angle of wall divergence to eliminate the 
gradient. 
Presentation of data.- Two sets  of calibration data a r e  presented for slot shape 29. 
Data designated a s  "low dewpoint" were obtained when air  dewpoint was less than 4O C 
(40° F), and for the "high dewpoint" data the corresponding dewpoint was greater thaq 
18O C (64O F). The data for these calibrations a r e  identified by run number and point 
number for cross-reference between figures and tables. Distributions of Mach number 
along the tunr,el center line a r e  shown in figure 31, and the values of Ma.ch number for both 
the center line and test section wall a r e  given in table 111. There i s  generally very good 
agreement between the center-line and wall Mach number distributions except in the 3-icin- 
ity of station 42.37 m (139 ft) where the curvature of the wall between test section and dif- 
fuser causes local Mach number on the wall to exceed that at the center line. The wind- 
tunnel operating conditions for each data point a r e  girrn in table IV, and a discussion of 
table IV including a description of each item of the table i s  given in appendix A. Item 23 
of table IV requires also the use of information given in appendix B. Results of a least- 
squares analysis of Mach number distributions on the center line for two lengths of test 
section a re  presented in table V. 
Calibration test and prc<edure.- Since 1950 all calibration tests of the 16-foot 
---- 
transonic tunnel test section have had test number 103. Designation of test number, run 
number, and point number identifies a unique set of data. A typical calibration "run" 
includes all testing performed between start  and stop of the wind-tunnel drive motors. A 
single run may include many values of Mach number and appropriate variation of opera- 
ting parameters at each Mach number. A "test point" provides data for a unique value of 
each of the several operating parameters. When the wind tunnel is brought to a prede- 
termined speed, that speed i s  held nominally constant while data a r e  recorded a t  each of 
several preselected values of test section wall divergence angle. For each test point all 
pertlncnt data, outside a i r  state, wind-tunnel operating conditions, test section pressures 
and temperatures, and wind-tunne! air  state and humidity a r e  recorded simultaneously. 
Generally for a test section calibration, critical runs a r e  repeated to verify repeatability 
of measurements. 
Data reduction and analysis.- Static pressures measured on the test section wall 
------ 
and center-line survey tube a re  expressed a s  Mach number, a s  follows: 
For a i r ,  y = 1.4 and 
Initial study of the results may be made with a graphic presentation of center-line Mach 
nurriber distributions given in figure 3 1  for slot shape 29. The data reduction also includes 
the fit of a straight line by the method of least squares to valuei of Mach number in the 
test section. Two lengths of test section a r e  treated: 
Short (1.8 m (6 ft) long) test section: Stations 39.93 m (131 ft) to 41.76 m (137 ft) 
Long (2.3 m (7.5 ft) long) test section: Stations 39.70 m (130.25 ft) to 41.99 m 
(137.75 ft) 
Typical results of this least-squares analysis a r e  listed in table V. In this tabl?. the 
test section Mach number i s  the value of M at tunnel station 40.84 m (134 ft) (corre- 
sponding to the midpoint of the test section) of a least-squares straight-line fit to the 
Mach number data over the chosen length of test section; the slope dM/dx defines the 
Mach number gradient; the standard deviation of Mach number from the straight line of 
best fit is a measure of average discrepancy; and the maximum deviation represents the 
worst departure from the line of best fit of a single value of Mach number on the center 
line within the selected length of test section. A least value of Mach number gradient 
was generally the criterion used to select the test p i n t s  listed in tables 111, IV, V, and VI 
for establishing the wind-tunnel calibration. Test points obtained over a wide variation 
in wall divergence angle at  each Mach number v e r e  screened to select those falling 
closest to zero gradient in Mavh number. This procedure also established the wall- 
di.vergence-angle settings for subsequent wind-tunnel operation. 
Wind-tunnel calibration.- As mentioned in the section entitled "Wind-tunnel a ir  
state sensors," the wind-tunnel reference measurements a r e  airstream stagnation (total) 
pressure and plenum static pressure. The value of Mach number computed from these 
reference pressures i s  designated "Plenum Mach number." The basic calibration i s  a 
correlation of test section airstream Mach number with the plenum Mach number. The 
calibration may also be regarded a s  a comparison of test section airstream average 
static pressure with the reference static pressure measured in the plenum. The values 
of test section airstream Mach number selected for the calibration and the corresponding 
values of plenum Mach number a r e  compiled in table VI and presented graphically in fig- 
ure 32. This single calibration defines test section airstream Mach number with no more 
deviation than k0.001, for both the long and short lengths of test section and for high and 
low dewpoints. The absolute e r ro r  of the calibration, however, i s  believed to be no worse 
than AM = i0.004. (See table V.) 
Selection -- of test section wall divergence angle.- In addition to ability to operate at a 
predetermined value of Mach number, it i s  desired also to reduce the axial gradient of 
static pressure in the test section to a minimal value. A typical procedure i s  outlined a s  
follows: During the calibraticn test under low dewpoint conditions, M = 1.3 was achieved 
with test section wall divergence angles of 0°25', 0027', and 0029'. The distributions of 
Mach number in the test section for these three test points a r e  shown in figure 33 with 
their respective values of Mach number gradient evzluated by the least-squares analysis. 
This variation of Mach number gradient with test section wall divergence angle for 
M = 1.3 i s  shown in figure 34. The curve indicates that an average pressure gradient of 
zero would be achieved under the specified operating conditions with a wall divergence 
angle of 0°28'. The closest angle at whick actual data existed was 0027', and that data 
point therefore was selected for the calibration. Similar data for lower values of test 
section airstream Mach n.umber a r e  also presented in figure 34. Although the di.ta for 
M = 1.02 and 1.15 appear to be anomalous, the values a r e  believed to be correct; in any 
case, no large values of gradient were encountered at these speeds. The data of figure 34 
and similar results have been compiled in table VII, ahich presents a corrclation of test 
section wall divergence angle, airstream dewpoint, and Mach number for use in operation 
of the wind tunnel. Table VII also contains interpolated vcl!ues obtained from plots sim- 
ilar to figure 35. In figure 35 the variatjon of test section v all djwrgence angle with dew- 
point required to achieve zero axial gradient of static pressure xt Mach nilmber 1.15 does 
not follow the systematic trend of the data for the hig1tc.r - r p . ? c e ~  of Mach number. Although 
the data for M = 1.15 in figure 35 also appear to be a1 . ::* .>us, a s  was mentioned in the 
discussion of figure 34, the data a r e  believed to be corrcf':. The authors a r e  aware that 
the trend of the data for M = 1.15 i s  different from tha: ,or tce higher Mach numbers 
and offer no technical explanation for this lack of consistency with the other data. It i s  
apparent from figure 34 tha! , in general, between M = 1.00 and 1.15 no large values of 
static-pressure gradient were encountered at any valtle of test section wall divergence 
angle investigakd. Therefore, except for the low stpersonic Mach number range up to 
M = 1.15, an increase in test section wall divergence angle caused a positive increment 
in the test section static-pressure gradient, a phenomenon which offers a means to 
achieve zero gradient. At near maximum tunnel speed, an increase in moisture content 
of the airstream results in a negative increment of static-pressure gradient in the test 
section; the test section static-pressure gradient can be eliminated, however, by adjusting 
test section wall divergence angle by an amount indicated as  optimum by wind-tunnel 
calibration. 
Strci-head blockage.- An inspection of the Mach number distributions on the test 
section center line (fig. 3 i )  shows generally that at supersonic speeds the distributions 
a re  uniform almost to station 42.67 m (140 ft), but that at  high subsonic speeds the indi- 
. h a 1  values of Mach number decrease progressively downstream of station 41.76 m 
(137 ft). To investigate this phenomenon, a "dummy" strut head (fig. 36) was fastened 
around the center-!ine survey tube; this addition effectively extended the strut-head shape 
upstream by 0.457 m (1.5 ft) or hy two spacings of the pressure orifices. Some of the 
calibration runs were then repeated with this modification to the strut head. Mach num- 
ber distributions obtained with the strut-head extension are  con~pared in figure 37 with 
those obtained during the regular calibration. At M = 1.01 and M = 1.06, positive pres- 
sure at the leading edge of the strut-head shape appears to be transmitted upstream 
through the boundary layer on the tube for a distance of slightly more than one orifice 
spacir~g or approximately 1 strut-head diameter. At these low supersonic speeds, tnc 
comparisons may be confused by expansions generated at the curvature of the test section 
wall (station 42.37 m (139 ft)) and radiated to the center line. At subsonic speeds, 
upstream extension of the strut-head shape resulted in a corresponding translation of the 
Mach number distributions by an almost equal amount. It appears that in the regular 
ca1ibratio:l :it subsonic speeds, the Mach number distributions at the downstream end of 
the test section indeed are  depressed by interference from the strut head. This inter- 
ference does not extend upstream of station 41.76 n~ (137 ft) but i s  always considered in 
choosing the axial position of a model in the test section. 
Diffuser - -- ~ d l l  --- pressures.- - A few data pertaining to flow in the ?:ind tunnel d o w ~ -  
strc~am of the test section :ire presented in figures 38 and 39, in the for111 of Mach number 
distributions. Mach number is computed in the same manner a s  for the test section with 
airstream total pressvre assumed to be the same a s  that measured in the quiescent 
chamber. Loss of total pressure i n  the diffuser i s  caused by skin friction and a i r  tur- 
bulence at all speeds and, at supersonic slleeds, by shock losses at  the downstream end 
of the t ~ s t  section. The values of local Mach nur ' ?r  shown a re  nearly trbe values just 
downstredm of the tezt section but a r e  not true values in the downstream half of the dif- 
fuser because stream total pressure in this region i s  much less than the assumed value. 
The data presented in ilgure 38 were obtained during calibration of slot shape 26. Local 
Mach numbers obtained from diffuser wall pressures measured during the calibration of 
slot shape 29 a re  presrnted in figure 39(a) for low dewpoint conditions and in figure 39(b) 
for high ci~wpoint conditions. Most of the pressure recovery in the diffuser appears to 
have been obtained within a length of about 4 test section diameters (20 111 (64 it)) from 
the downstream end of the test section. Differences in moisture content of the airstream 
appear not to have had a large effect on pressure recover) in the diffuser. 
Airstream stagnation -- temperature.- Representative values of the stagnatior! tem- 
- 
perature of the wind-tunnel airstream, a s  these vary with a i r  speed, a r e  presented in 
figure 40. Temperatures shown by the dash-line curve a r e  taken directly from refer- 
ence 5. The temperature at each air  speed represents the average obtained from many 
runs at near stabilized conditions during the calibratior, of 1951 and these data a r e  
assumed to remain valid for operation without test section air  removal. When the wind 
tunnel i s  operated above M = 1.0 with test seciion a i r  removal, energy expended through 
the drive fans i s  greatly reduced from that required during operation without test section 
a i r  removal, except at top speed, and temperature r ise  of the airstream i s  correspondingly 
reduced. The solid curve in figure 40 presents calculated values of stagnation tempera- 
ture with test section air  removal, using values of Mach number, tunnel ?nc! secondary 
mass flows, and drive fan shaft power from t;lble IV and assuming an a i r  exchange raie 
of 18 percent with a reference outside air  temperature chosen to yield a match of the 1951 
calibration data at M = 1.0. The values of tunnel stagnation temperature (item 27 in 
table IV) a r e  not stabilized but were measured generally when the airstream was heating 
or  cooling rapidly and therefore do not agree with the values presented in figure 40. Com- 
parisons of power required for operation, when needed, a r e  to be made at identical tem- 
peratures and pressures. One purpose of figure 40 is to provide an "average," o r  arbi- 
trary standard, temperature at nach Mach number to which power data may be corrected. 
'I* 
Power require11ients.- - -. A fairly thorough breakdown of the actual power required 
for operation of the wind tunnel during the calibration t e s t s  i s  listed i n  table IV. Atten- 
tio~: is given here to the "aerodynamic" power requirement represented by the flow sus-  
tenance power (item 20 in tabie IV) whiQ,h is shaft p w e r  to the main drive fans and to the 
,ur removal compressor.  The estimated values of flow sustenance power. derived from 
measured valucs nlinus cstimated losses. have been corrected to standard atmospheric 
pressure and to airst1,ean; avcragc s t~gnn t ion  temperature,  defined ill figure 40, by use  
of the following equation: 
The corrected values of flow sustenance power a r e  presented in figure 41(a) for operation 
with both low and high dewpoint a i r .  At subsonic speeds, the power measurements for 
these different conditions a r e  in excellent agreement. The dash-line curvc in this figure, 
taken directly from reference 5, represents power measurements made in  1951 with slot  
shape 18 which had about three t imes the width of slot shape 29. The power reduction of 
appro.ui~?latel:: 10 percent achieved with slot shape 29 is attributed to reduced a i r  mixing 
in the slots and to the corisequently improved diffuser performance. 
At the supersonic speeds which require tes t  section air removal (M = 1.10 to 
M = 1.31). operation with moist air requires  3 to 5 percent more power than operation 
with the relatively dry air. The breakdown of power compcnents in table IV shows that 
the power increase required for operation with moist air is expended through the rnain 
drive fans and not through the conlpressor. It is conjectured that in operation with moist 
a i r ,  condensation may occur between the quiescent chamber and the drive fans with a con- 
sequent loss of total pressure  which must be restur2d by the fans; this p ressure  loss  is 
never sensed by the wind-tunnel stagnation-pressure probes and is therefore not accounted 
for in the correction applied by use of equaiion (21. 
At speeds where the surge  control valve is partially open, the compressor mass  
flow riic (item 24 in  table IV) remains at  a nearly maximum value even though the sec-  
ondary mass  flow nls being pumped from the plenum (item 23 i n  table IV) may be much 
less. At supersonic speeds somewhat below m a i m u m ,  a large portion of the compressor  
power i s  being wasted in  purnping bypass air (mc - ms). From FUI - 1.10 to M = 1.26 
the power required to pump the surge control bypass a i r  has  been cstimated and sub- 
tracted from the power data of figure 41(a). The resulting values ~f power presented in  
figure 41(b) include shaft power to the main drive fans and compressor shaft power 
required to pump only the secondary flow from the plenum. At maximum speed the surge  
control (bypass) valve is closed and the power nleasuremerits require no adjustment. The 
data of figure 41(b) then represent the estimated power requirement for operation of a 
wlnd tunnel with test  section a i r  removal having a system which would not require the 
pumping of bypass air. The ra te  of power increase with increasing Mach number is con- 
siderably less  when test section a i r  r e m o v !  is being used (M = 1.10 to M = 1.31) than 
for operation so lv iy  w i t h  ihi. l i k i ;  d r i x  (E! .- 1 .9  Oto M - I OH). The sienilicant in&- 
cation of the data of figure 41(bj is t k t  a transonic wind tunnel incorporating an efficient 
system for test  section a i r  removal can be operated a t  low supersonic speeds with l e ss  
power than would be required if  a l l  power were expended only through the main drive fans. 
Test  section temperature distribution.- With the present systenl for cooling the 
wind tunnel by continuous a i r  exchange in which the cool a i r  is introduced in an annulus 
adjacent to the wall of the cylindrical return passage, a radial gradient of temperature in 
the test  section a i rs t ream is almost inherent. After having passed through the drive fans, 
the a i rs t ream in the return passage is of uniform temperature. On the downstream (inlet) 
side of the air exchange, the step difference in temperature between the cool incoming a i r  
and the recircui,itecl z i rs t rcam is equal to the difference between stagnation and outside 
air temperatures. By the t i n e  that the a i rs t ream has  traversed the third and fourth s e t s  
of turning vanes, an antitdrbulence screen,  the quiescent chamber, and the entrance cone, 
the region of radial gradient of temperature extends inwardly from the tes t  section wall 
for about one-ha!f of the test  section radius. Radial distributions of stagnation tempera- 
ture in the test  section for several  values of Mach number a r e  shown in figure 42. The 
temperature of the a i r s t ream core  is very uniform and is identical with stagnation tem- 
perature indicated by the probes located in the quiescent chamber. The difference 
betweer, test  section core and wall temperatures is about 0.99 of the difference between 
stagnation and outside a i r  temperatures. 
The gradient of temperature in the tes t  section a i r s t ream is not a desirable feature 
but, in general, has no adverse effect on most investigations. The temperature gradient 
has no effect on Mach number distribution but does result  in a velocity gradient directly 
related to  the temperature gradient. Most models a r c  much smal ler  than the a i r s t ream 
hot core and a r e  therefore not affected. Except in spccial cases ,  the temperature gradient 
effectively eliminates consideration of the investigation of wall-mounted models. 
On a t r i a l  basis for a short  time, the test  section temperature gradient was elimi- 
nated by mixing of the tunnel a i rs t ream and inlet a i r .  Of the 36 inlet vanes in the air 
exchange, 30 were closed fully and six were extended a t  45O into the a i rs t ream.  The fore- 
going alteration resulted in  uniform telnperature both in the quiescent chamber and in the 
test  section, but the r d a t e d  increase in a i rs t ream turbulence had a very adverse effect on 
measurement of aerodynamic forces  on models, and tunnel operating noise was greatly 
increased. The a i r  exchange was restored to the configuration shown in figure 5. 
Air moisture condensarion.- During tes ts  made with high dewpoints, condensation 
-
of water vapor in  the test  secticn a i r s t r eam occurs  in varying degrees. The tendency 
toward the formation of fog in the test  section a i r s t r eam increases  with absolute humidity 
and with increasing air speed, and this moisture condensation decreases  a s  a i r  stagnation 
temperature is raised. Because of the radial  gradicnt of temperature,  condensation 
occurs f i rs t  i n  the arinular laycr of a i r  adjacent to the test  section wall a s  shown in fig- 
u r e  4J(a), which is a view of the test  section from the downstream end of the diffuser. 
At supersonic speeds when a i r  moisture content is very high, condensation will occur 
throughout the entire test section as i l lus t ra t -d  in figure 43(b). Under such conditions, 
the condensation cannot be completely eliminated by increasing the a i r s t r eam stagnation 
temperature. Limits to a i r s t r eam stagnalion temperature have been se t  a t  82' C (180' F) 
for about 30 min and a t  88' C (190' F) for 10 min. 
The extent to which moisture condensation i n  the test  section a i r s t r eam may invali- 
date aerodynamic data is controversial.  For  the 16-foot transonic tunnel, the effects of 
air moisture content cn  the wind-tunnel tes t  section s ta t ic-pressure  gradient a r e  accounted 
for in  the calibration procedure through tes t  section wall divergence. There  remains ,  
however, the effects of local condensation adjacent to model curved surfaces.  The inves- 
tigation reported in  reference 13 shows very little difference in data obtained with the 
same  model tested f i r s t  in  moist a i r  and subsequently in r e la the ly  dry a i r .  Another 
facet of this problem related to moisture effects is the validity of the procedure of apply- 
ing wiild-tunnel data ~ b t a i n e d  in  desiccated air to a i rcraf t  performance estimation when 
the aircraft  must operate in  air having a natural moisture content frequently sufficient to 
cause visible condensation locally on curved surfaces  of the aircraft .  
Airstream Reynolds number.- The variation with Mach number of Reynolds number 
per unit length is presented in  figure 44 for the corresponding range of operating air stag- 
r-ation temperatures.  The information is presented i n  SI Units in  figure 44(a) and i n  U.S. 
Customary Units in figure 44(b). The variation of stat ic pressure ,  dynamic pressure ,  and 
equivalent pressure  altitude with Mach number in  the test  section is presented in  SI Units 
in figure 45(a) and in U.S. Cmtomary Units in  figure 45(b). 
Airs t ream turbulence.- During the wind-tunnel calibration of 1950 - 1951, with slot  
shape 18 (ref. 5) and on severa l  occ2sions p r h r  to use  of test  section a i r  removal and 
before an antiturbulence screen was installed in the quiescent chamber, attempts were  
made to measure a i rs t ream turbulence. The wire elements ~i hot-wire anemometers 
broke a t  Mach numbers above 0.60. Fluctuating flow angle was measured with a three- 
degree cone pitch and yaw meter ,  but interpretation of the data was uncertain. If isotropic 
turbulence can be assumed, those early resul ts  indicated that the s t r eam angle fluctuation 
expressed in radians ranged from about 0.003 to 0.008. (See fig. 6 of ref. 14.) 
No comparable n~easurements of fluctuating flow ha,ve been made sincdl c,?era{.ion with 
test section air  rcmoval was started with slot shape 29. However, subsequent tc .he instal- 
lation of the antiturbulence screen and slot shape 29, measurements have teer: nnde of the 
length of run of laminar flow on a highly polished 10' core,  and some of .he resulis a r e  
reported in relereace 15. Thcsc nlcasurements i n  the Langley 16-foot transonic ,mnel  it 
Mncl: .nu!i~brrs 2p tc ! 30 x c r c  n;ale by the  namp invcstigztors ss iw the  s 2 m ~  techniqu?~ 
and equipment as for the other investigations reported in reference 15. The analysis uf 
the flow transition data presented in reference 15 indicates that longer runs of laminar 
flow were obtained in the Langley 16-foot transonic tunnel than in the other wil,l tunnels 
investigated. A long run of laminar flow i s  interpreted to indicate a low l e ~ e i  of air-  
stream turbuience. 
Boundary-reflected-disturbance -- length.- The experimental studies made in the 
16-foot transonic tunnel by Couch and by Brooks (refs. 16 and 17) with slots (shape 29) 
which have a width of only 3.9 percent open periphery indicate that no serious wall inter- 
ference occurred at subsonic Mach numbers up to M = 0.985. 
At low supersonic Mach numbers, boundary-reflected disturbances tend to limit the 
useful test section length. Surface static-pressure measurements on several cone- 
cylinder or  ogive-cylinder bodies of revolution were used to determine the location of the 
reflected bow shock which determines the extent of the interference-free region. These 
results, taken from reference 18 and including some unpublished data, a r e  presented in 
figure 46. The disturbance length i s  seen to depend on the strength of the bow shock a s  
affected by the body nose angle and change in nose shape from conical to ogive. At Mach 
numbers greater than 1.15, aircraft models of reasonable length (1.8 m (70.87 in.)) a r e  
generally free of boundary-reflected disturbances. 
OBSERVATIONS AND CONC LUSIONS 
The Langley 16-foot transonic tunnel is a single-return atmospheric wind tunnel, 
having a slotted transonic test section, and operates at  stagnation temperatures up to 
about 82O C (180° F). Temperature control with airstream scavenging is obtained by the 
use of an air  exchange system. A test section air  removal system i s  available which can 
pump a preselected amount of flow (up to 4.5 percent of test section flow) from the ~ l e n u m  
which surrounds the test section. Specially shaped longitudinal slots in the test qection 
wall a r e  used to aevelop a uniform flow and also to prevent test section blockage at 
transonic speeds. 
Detai!ed wind-tunnel calibrations made under a wid? range of flow conditions and 
geometric changes have led to the following conclusions: 
1. The relatively open (13.5 percent porosity) slot shape (shape l a ) ,  which was 
optinlum for near sonic speeds ~ ~ i t h o u t  test  section a i r  removal, did not yield uniform 
distributions of stat ic pressure  in the test  section at  the higher Mach numbers obtained 
with test  section a i r  removal. 
2. At near maximum a i r  speed, an  increase in width of the upstream one-third of 
the slots  increased a i r  speed upstream of the testing region but had a n  adverse effect on 
urlifornlity of flow at the do,#r:t earn end. A general  increase  in slot width degraded the 
uniformity of flow in the test  section; conversely, a reduction in slot width over the down- 
s t r eam one-third of the slot length improved flow uniformity a t  the downstream end. 
3. Under a l l  operating conditions the most uniform flcw in the test  section was 
achieved with a slot shape (shape 29) defined over the upstream one-third of the slot  
length by an approxin~ately triangular starting section that faired into a relatively narrow 
slot having a constant width (3.9 percent open periphery) over the downstream two-thirds 
of i t s  length. 
4. A single calibration defines test  section Mach number with no more  deviation 
than k0.001, for both the l o ~ p  and shor t  lengths of test  section and for high and'low dew- 
points. The absolute e r r o r  of the calibration Mach number, however, is believed to be no 
worse than k0.004. 
5. Except for the low supersonic Mach number range up to Mach 1.15, an  increase  
in tes t  section wall divergence angle caused a positive increment in the test  section static- 
pressure  gradient, a phenomenon which offers a means to achieve zero  gradient. 
6. At near maximum a i r  speed, an  increase  in moisture content of the a i r s t r eam 
reeults  in  a negative increment of s ta t ic-pressure  gradient in the tes t  section; the tes t  
section stat ic-pressure gradient can be eliminated, however, by adjusting tes t  section 
wall divergence angle by an amount indicated a s  optimum by wind-tunnel calibration. 
7. At low supersonic speeds (Mach 1.01 and Mach 1.06), positiv: p ressure  at  the 
leading edge of the strut-head shape appears to b e  transmitted upstream through the  
boundary layer on the survey tube for a distance of approximately 1 strut-head diameter.  
At subsonic speeds,  upstream extension of the strut-head shape resulted in a correspond- 
ing translation of the Mach number distributions by an almost  equal amount. 
8. Most of the pressure  recovery in  the diffuser appears  to have been obtained within 
a length of about 4 t e s t  section diameters from the downstream end of the tes t  section. 
Differences in  moisture content of the a i r s t r eam appear not to have had a large  effect on 
pressure  recovery in the diffuser. 
9. Replacing slot  shape 18 wit5 shape 29, a reduction of slot  open periphery f rom 
13.5 percent to 3.9 percent, resulted in  a reduction of power required to operate the wind 
tunnel a t  subsonic speeds of approximately 10 percent. 
10. At the supersonic speeds which require test  section air removal (Mach 1.10 to 
Mach 1.31), operation of the  wind tunnel with moist air (dewpoint, 18' C (64' F)) requires  
3 to 5 percent more  power than with relatively dry  air (dewpoint, 4' C (40° F)). 
11. A tliiuillsoilic wind tunnel incorporating a n  efficient system for tes t  section a i r  
removal can be operated a t  low supersonic speeds with l e s s  power than would be required 
if all power were  expended only through the main drive fans. 
Langley Research Center, 
National Aeronautics and Space Administration, 
Hampton, Va., May 14, 1974. 
APPENDIX A 
CALIMATION AUXILIARY DATA 
For  tunnel operation at speeds which require the use of test section air removal, 
achievement of a specified test  section Mach number with near zero  axial gradient must 
be accomplished by setting the test  section wall a t  a specified divergence angle which is 
a function of the a i rs t ream dewpoint. However, the foregoing conditions of air speed and 
Mach number gradient can be achieved within limits with various combinations of main 
drive power, test  section wall divergence angle, compressor speed, and plenum valve 
setting. An attempt to reduce main drive power excessively a t  supersonic speeds by use 
of increased plenum suction can result  in unstable flow with movement of the tes t  section 
terminal shock upstream into the testing region. Table IV presents for each tes t  point of 
the calibratior, the settings of the wind-tunnel operation controls, the physical conditions 
of the test ,  and several  calculated quantities. The purpose of this appendix is to indicate 
the sources of the information presented in table XV. 








Identification of data for correlation with the Mach number distribu- 
tions of figures 31 and 32, and the tabulated calibration data of 
tables 111, V, and VI. 
Dewpoint of tunnel a i r s t ream from instrument reading. 
Test  section wall divergence angle from control setting indicator 
(counter). 
Plenum valve position (3.048-m-diam. (10 ft) valve) from control 
setting indicator (potentiometer). 
Surge control valve position (1.219-m-diam. (4 ft) valve) f rom valve 
position indicator (potentiometer). 
Air-removal-system compressor motor speed from tachometer. 
Air-removal-system compressor power from instrument reading in 
MW of overall system power. Iwludes  motor shaft pcwer, motor 
losses ,  and liquid rheostat losses;  does not include power for cool- 
ing tower, water pumps, and oil pumps. 
Air-removal-system compressor shaft power - Estimated with use 
of figure 7 of reference 9 for a motor having secondary resistance 
control, maximum rated power of 26.855 MW (36 000 hp), and a 
synchronous speed of 600 rpm. Item 10 = Item 9 - c X Maximum 
rated power where c i s  a function of the rat io of motor operating 
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speed to synchronous speed. At 475 rpnl. c = 0.172; at  552 rpm,  
c = 0.130. 
Item 11: Air-removal-system power - For  this calibration, the same  a s  
i tem 9. 
I tems 12 and 16; Main drivc fan rotational speed from tachometer. 
I tems 13 and 17: Electric21 power to main drive motor from panel meter  reading. 
I tems 14 and 18: Shaft power PSh to main drive fan - Electrical  power to main 
drive motor minus estimated rotational and copper losses .  
PSh = 3.27 (Rotational speed i n  rpm) (Power in  MW) 
- [0.269 (Rotational speed in  rpm) 
+ 0.0000428 (Rotational speed in  rpm) 2.53651 
Items 15 and 19: Main drive unit system power - Sum of shaft power, rotational 
losses ,  and losses  for a modified Kramer  sys tem having a maxi- 
mum shaft power of 25.364 MW (34 000 hp) and a synchronous 
speed of 400 rpm. The modified Kramer  system losses  have been 
estimated from information given in figure 7 of reference 9 and 




Flow sustenance power - Sum of shaft power delivered to the a i r  
removal compressor  and to each main drive fan. Wind-tunnel 
energy ra t io  i s  the l a t i o  of kinetic energy per second traversing 
the t e s t  section to the flow sustenance power (item 20) expressed 
in  the s a m e  units. 
Total system power - Sum of electr ical  power supplied to the main 
drive sys tems and to the air removal compressor  drive system. 
Item 21 represents  the overall  energy ra te  required for operation 
of the wind tunnel. The rat io of i tem 20 to i tem 21 i n  a sense  
represents  the electr ical  system efficiency. 
Wind-tunnel a i r s t r eam mass  flow - Calculated for  isentropic flow of 
a i r ,  with a flow coefficient of unity assumed. Generalized equation: 
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When u ~ i t s  a r e  in  SI, that i s ,  A in m2, 11 in N / ~ I ~ ,  and Tt in  K,  
When units a r e  in U.S. Customary, that i s ,  A in ft2, p in lb/ft2, and Tt in  OR, 
Item 23: 
"071 iri = 12.72 = 
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Item 29: 
slugs 
s e c  
Mass flow of a i r  removed from plenum surrounding the test  section 
ms. ms = mc - mv where nlV is the calculated m a s s  flow of 
a i r  through the surge control valve (fig. 48 and appendix B). 
Conlpressor mass  flow mc i s  mass  flow a t  compressor  throat cal- 
culated from measured total and stat ic p ressures  and throat area .  
Air exchange louver setting from louver position indicator. Always 
full spen for the data of taSlc IV, but a significant variable when 
wind- tunnel stagnation temperature must be controlled. Wind- 
tunnel calibration data obtained with louver settings from 17 per- 
cent open to 100 percent open showed no deviation from the single- 
curve wind-tunnel calibration of figure 32. 
Outside a i r  temperature from thermocouple used with recording 
potentiometer. 
Tunnel stagnation temperature - Average of readings from four stag- 
nation the-smocouple probes in quiescent chamber near tunnel cen- 
t e r  line indicated on a recording potentiometer. 
Tunnel stagnation pressure  - Average of readings f rom four pitot- 
pressure  probes in quiescent chamber near tunnel center line, mca- 
sured with : . automatic mercury manometer with a backup mea- 
surement from an electr ical  pressure  transducer;  both recorded on 
the tunnel data readout. 
Atmospheric pressure  - Recorded signal from an automatic mercury 
manometer with a backup measurement from a barometer,  
Item 30: Test section plenum pressure - Recorded signal from electrical 
pressure transducer with a backup measurement from an auto- 
matic mercury manometer; both recorded on the tunnel data 
readout. 
APPENDIX B 
FLOW THROUGH SURGE CONTROL VALVE 
During operation of the wind tunnel at  speeds that require test  section a i r  removal, 
the surge  control valve may be fully closed o r ,  i f  partially open, operates with choked 
flow. The m a s s  flow through the surge  control valve mv is computed basically a s  flow 
through a choked orifice of variable a r e a ,  with atmospheric total pressure  a t  the inlet 
reduced by a smal l  loss  through the inlet sc reen  and pipe elbows. 
With the plenum valve closed, m a s s  flow through the surge  control valve was com- 
puted from ~ n e a s u r e m e ~ d s  of pressure  and temperature a t  the compressor inlet. For  
atmospheric pressure  of 10.13 ~ / c m ~  (2116 lb/ft2) and temperature of 15O C (590 F), 
the surge-control-valve maximum mass  flow mv,,, corrected to the foregoing stan- 
dard conditions i s  187.97 kg/sec (12.88 slugs/sec). 
With mass  flow, temperature,  pressure ,  and inlet dimensions known, dynamic pre::- 
su re  at  the surge-control-valve tee inlet was computed and used to determine loss  of total 
pressure  ac ross  the inlet screen (for which Ap/q = 1.14). Dynamic p ressure  within the 
inlet pipe (tee) was similarly used to determine p ressure  loss  in the bends ( ~ p / q  = 0.25) 
just upstream of the vzlve. At maximum m a s  flow, the net loss of total p ressure  ahead 
of the surge  control valve was estimated a s  
The foregoing loss  was assumed to be maximum a t  maximum mass  flow and to vary a s  the 
square of the relative mass  flow; that is, 
where p = inV/rhv,,,. The total p ressure  which determines mass  flow through the 
valve i s  
If Ap is the cross-sectional  a r e a  inside the valve pipe (body), Av i s  the a r e a  of 
choked flow between tho edge of the valve disk and the valve pipe inside wall, and 0 is 
the angle between a plane normal to the valve pipe center line and the plane of the disk 
(valve closed at  t, = oO, full open a t  6 - 90°), then the a r e a  of sonic surface between 
valve disk and pipe wall can be expressed a s  
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Because the valve disk is lenticular with a thickness-to-diameter ratio of 0.156 and 
i s  supported by a relatively large spindle, the effective flow area reaches a maximum at 
0 7g0 and remains essentially constant for values of P between 79' and go0. The 
measured and computed areas  for the surge control valve a r e  
The flow area t h r a g h  the valve then relative to the rnaxirnum flow area is A~/A~,,,. 
From equation (B2), 
= -% (1 - cos 8) 
Av,max Av,max 
The relative mass flow p is proportional to the relative flow areas  and to the 





for which the solution i s  
Because of the geometry of the valve, the solution i s  valid only for 0' < 0 Z 7g0. Note 
that the relative mass flow p may nl t exceed unity. The product pm,,,,, which is 
the mass flow fnv through the surge control valve corrected to standard conditions, is 
presented in figure 48 as a function of valve position. 
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TABLE I.- MAJOR DIMENSIONb OF LANGLEY 16-FOOT TRANSONIC TUNNEL 
- -- - 
Equivalent 
circular 
station d i a E r ,  Coniponent 
chamber begins . . . . . . . . . . .  0.00 0.0 
Antiturbulence screen . . . . . . . . . . . . .  0.70 2.3 
I Quiescent chamber ends . . . . . . . . . . . .  12.19 40.0 1 Converging fillet begins . . . . . . . . . . . .  12.19 ' 40.0 I 
I Colverging transitLon begins . . . . . . . . .  13.72 I 45.2 1 Converging octagon begins. . . . . . . . . . .  8.25 127.1 ~ ~ c t a g o n a l  1 1 Entrance liner begins . . . . . . . . . . . . .  4.91 16.1  octagonal I 
Entrance cone ends . . . . . . . . . . . . . .  4.85 15.9 /octagonal i ! / Test section begins . . . . . . . . . . . . . .  
/ ~ e s t  section ends1 . . . . . . . . . . . . . . .  
 iffu user entrance begins1 . . . . . . . . . . .  
l ~ ~ f f u s e r  enlrancc ends . . . . . . . . . . . . .  
I ~ i v e r g i n g  trmsition begins . . . . . . . . .  
\Diverging transition ends 
Conical difluser begins . . . . . . . . . . .  
/Diffuser continues . . . . . . . . . . . . . . .  87.14 285.9 
. Dlffuser ends. . . . . . . . . . . . . . . . . .  99.40 326.1 
( Power section begins . . . . . . . . . . . . .  99.40 326.1 
2 
. . . . . . . . .  I First  set turning vanes on Q 106.41 349.1 
3 1 Drive fan 1 117.84 386.6 10.36 34.0 Circular 
3 
. . . . . . . . . . . . . . . . .  /Drive fan 2 10.36 34.0 Circular 
. . . . . . .  
. . . . . . . . . . . . . .  
. . . . . . . . . . . . .  
i second set turning vanes on Py3 132.31 434.1 10.36 34.0 Ellipse @l 
1 Power section ends 139.32 457.1 10.36 34.0 Circular 1 Return passage begns  139.32 457.1 10.36 34.0 1.67O half-angle 
1 Return passage continues . . . . . . . . . . .  152.49 500.3 11.19 36.7 3.0' half-angle 
' ~ e t u r n  passage ends . . . . . . . . . . . . . .  214.2'1 703.0 17.68 58.0 Circular 
1 
. . . . . . . . . . . .  1 Lips of air  exit vanes4. 2 14.27 703.0 16.46 54.0 Polygon having 36 sides 
. . . . . . . . . . . . .  1 Antiturbulence screen 227.75 747.2 17.07 56.0 Polygon having 36 sides 
. . . . . . . . . . . .  1 Lips of air inlet vanes4 235.61 773.0 
' Cylindrical returu begics . . . . . . . . . . .  235.61 773.0 
2 
. . . . . . . . .  Third set  turning vanes on Q 
Fourth set turning vanes on t2 . . . . . . . .  
Cylindrical return ends . . . . . . . . . . . .  i
l ~ e s t  section wall divergence angle, OO. 
2 ~ i n o r  axis. 
3~ncludes nacelle cross-sectional area. 
¶Air exchange full open. 
TABLE 11.- HALF-WIDTH DIMENSIONS FOR TEST SECTION 










































































TABLE 11.- HALF-WIDTH DIMENSIONS FOR TEST SECTION 
LONCil'1UI)INAL SLOT SHAPES 18 TO 29 ,- Continued 
(a) SI Units - Concluded 
-- - 
jha e shape ZE Tunne: station m 











































































TABLE U.- HALF-WIDTH DIMENSIONS FOR TEST SECTION 
IK)NGITIJDMAIA SIBT SHAPES 18 TO 29 - Continued 
















































































































































































































































































































































TABLE IL- HALF-WIDTH DIMENSIONS FOR TEST SECTION 
LONGITUDINAL SLOT SHAPES 18 TO 29 - Concluded 
(b) U.S. Custon~ary Units - Concluded 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































T A B L E  V .  - TEST SECTION FLOW CHARACTERISTICS 
--- -- 
- 
r S i x :  tes! w~trona I,orig test sectionb 
. -  - -  1 - 7 
I "' I nieter I ioot I I I 
Low deu poltit 
C----------* 7 ----- -- -- - - - - -. -. 
I -0.00045G a6 0.199 1-0.0005~.000156~0.00028"  1 
High dewpint 
.000219! .000067, .001327 -.002383 
.000875; .0002671 .001958 ,003711 
-.0003651 -.000111j .001020 .004611 
.0033541 .001022 .002279 .005133 
-.000292/ -.000089 .0034: 7 -.007267 
-.001021 -.000311j .001709 .004244 
.'I01385 .0004221 .002935 .006144 
-.004301 -.0013llj .004228, -.WE856 
- i - -. . - . . 
astation 39.93 m (131 ft) to station 41.76 m (137 ft). 
b~tation 39.70 m (130.25 It) to station 41.99 m (137.75 It). 

TABLE VII.- TEST SECTION WALL DIVERGENCE ANGLES FOR ZERO AXIAL 
GRADIENT OF STATIC PRESSURE IN TEST SECTION 
Calibration of October 1965 
(a) Without test section air removal* 
Dewpoirt 
* At subsonic speeds, the pressure 
gradient does not vary significantly with de-jvpoint. 
(b) With test section air removal 












































































































































































-----+ 198.12 cm ( 78.0 in.) . - 91.44 cm , (20.0 in; I ( 36.Oin.l 
Airflow 
3 
Station \ \ 
182.88 cm (72.0 in.) - 
Conical nose fairing; survey tube removed; test section empty 
27.31 cm ( 10.75 in. 1 diam. 
- 10.16 cm ( 4.0 in. 1 diam. 
5 
( 7.2 in.) ua.29 cm 
30.48 cm --i-.4 
( 12.0 in . )  \ 
Survey tube installed 
Tunnel station 
Figure 16.- Strut head for center-line survey tube. 
Figure 17.- Effect of diffuser entrance vane lip setting on wind-tunnel Mach number and 
power. Exploratory test; visual data; diffuser cracks not sealed; entrance vane lip 
angle, 20°; test section wall divergence angle, 0°5'. 
mi hhp -0 Run 236, diffuser cracks sealed 
-- 4 Run 237, diffuser cracks open 
.8 9 1.0 1. i 1.2 l* 3 
M 
Figure 18.- Effect of diffuser joint seals on wind-tunnel Mach number and power. Explor- 
atory test; visual data; wall divergence angle, 0 ~ 5 ' ;  entrance vane lip depth, 22.9 cm 
(9 in.); compressor motor speed, 550 rpm; power not corrected. 
Teet section well divergence angle, 6, min 
Figure 19.- Effect of test section wall divergence angle on wind-tunnel Mach number and 
power. Exploratory test; run 237; visual data; diffuser cracks not sealed; plenum 
valve full open; compressor speed, 552 rpm; power not corrected. 
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Figure 20.- Slot planforms investigated in the Langley 16-foot transonic tunnel. 
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Figure 35.- Test section wall divergence angles for zero axial gradient of 




































































































































































































































































































(a) pt = 101.32 kN/m2. 
Figure 44.- Variation. with Mach number of stagnation temperature 
and Reynolds number per unit length. 
hl 
(b) pt = 2116 lb/ft2. 









































































(b) 3 = 2116 1b/ft2. 
Figure 45.- Concluded. 
cm in. 
Figure 46. - Boundary-reflected-disturbance lengths measured in the 
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Surge c o n t r o l  valve pos i t ion ,  percent open 
Figure 48.- Calculated mass flow through surge control valve. 
pt = 101.32 ~ / m 2  (2116 lb/ft2); Tt = 15O C (59' F). 
